An alkaline-developable positive-type photosensitive polyimide (PSPI) based on fluorinated poly(amic acid) (FPAA) prepared from 4,4'-hexafluoroisopropyridenebis(phthalic anhydride) and 4,4'-oxydianiline, and fluorinated diazonaphthoquinone (FDNQ) as a dissolution inhibitor has been successfully developed. The solution of FPAA and FDNQ was spin-coated on a silicon wafer and prebaked, inducing a FDNQ rich surface which was supported by measurement of the contact angle of water on the films. The PSPI containing FPAA and FDNQ (25 wt% to FPAA) showed the high sensitivity of 45 mJ/cm 2 and excellent contrast (γ 0 ) of 10 when it was exposed to 365 nm wavelength light (i-line) and developed with a 2.38 wt% tetramethylammonium hydroxide aqueous solution at 25 o C. A clear positive pattern of a 6-µm line and space was obtained on a film when exposed to 120 mJ/cm 2 of i-line by a contact printing method.
Introduction
Protecting and insulating materials for microelectronics require certain essential properties, such as a high thermal stability, high mechanical property, insulating performance, etc. Polyimides (PIs) are an important class of advanced materials and fulfill the above requirements, therefore, photosensitive PIs (PSPIs), which are formed by the addition of a photosensitizing agent to PIs, have been widely used in the microelectronics fields as a stress buffer and insulation layers. Furthermore, they simplify processing and avoid the use of photoresists in the microelectric industry [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Recently, positive-type PSPIs have been receiving much attention because of their several advantages compared to negative-type PSPIs, such as high resolution due to low swelling during development, and the use of an alkaline aqueous solution as a developer in place of organic developers.
Poly(amic acid)s (PAAs) possess hydrophilic carboxylic groups and show promise as PSPI precursors. However, the dissolution rate of PAAs in a 2.38 wt% aqueous tetramethylammonium hydroxide (TMAHaq) solution is too high to obtain a sufficient dissolution contrast between unexposed and exposed areas. Therefore, partially esterified PAAs [16] , which are prepared by the reaction of PAA with N,N-dimethylformamide dialkyl acetals, are used to reduce the dissolution rate in 2.38 wt% aqueous TMAHaq. The high solubility of PAAs is determined by the balance of the hydrophilic carboxylic acid groups and the hydrophobic aromatic groups in the main chains. Increasing the hydrophobicity of the diamine or dianhydride monomers, therefore, should decrease the solubility, and promise PAA as an alkaline developable PSPI precursor.
Based on these considerations, we reported two positive-type and alkaline developable PSPIs [17, 18] , in which the PAA obtained from 4,4'-hexafluoroisopropyridene-bis(phthalic anhydride) (6FDA) and 1,3-bis(4-aminophenoxy)benzene, or dianhydrides, pyromellitic dianhydrides and biphenyltetracarboxylic dianhydrides, with 2,2'-bis(trifluoromethyl)benzidine, and 2,3,4-tris(1-oxo-2-diazonaphthoquinone-4-yl-sulfonyloxy) benzophenone (D4SB) were used as a matrix and a dissolution inhibitor, respectively. Quite recently, we reported a new fluorinated diazonaphthoquinone (FDNQ) prepared by the reaction of 1,2-naphthoquinone-2-diazido-5-sulfonyl chloride with 4,4'-(hexafluoroisopropylidene) diphenol as a photoactive compound (PAC). FDNQ possesses a higher hydrophobicity than conventional DNQs [19] . This finding prompted us to develop a new PSPI based on the PAA from 6FDA and common aromatic diamines, and FDNQ.
This article describes the development of an alkaline developable and positive-type PSPI consisting of the FPAA obtained from 6FDA, 4,4'-oxydianiline (ODA), and FDNQ. Scheme 1 shows the photolithographic process of PSPI. The solution of FPAA and FDNQ is spin-coated on a silicon wafer and prebaked. The FDNQ is spontaneously segregated on the surface of the film due to the high polarity difference between FPAA and FDNQ. The film is then exposed to the i-line through a photomask to produce an indenecarboxylic acid as depicted in Scheme 1. The photoproduct, unlike its precursor, is extremely soluble in aqueous base by virtue of the photogenerated carboxylic acid functionality. As a result, the dissolution rate of the exposed area to TMAHaq increases and a positive image is formed. 
Experimental

2-1. Materials
N,N-Dimethylacetamide (DMAc) was purified by vacuum distillation. 4,4'-Oxydianiline (ODA) and 4,4'-(hexafluoroisopropylidene)diphthalic anhydride (6FDA) were purified by vacuum sublimation. A 2.38 wt% TMAHaq purchased from AZ Electronic Materials (Japan), was used as a standard developer. Fluorinated diazonaphthoquinone (FDNQ) was prepared according to the our previous paper [19] .
naphtahlenone -5-sulfonyloxy) phenyl]methylethyl}benzene (SDNQ) was kindly donated by Shipley Japan and was used without further purification (Scheme 1). Other reagents and solvents were obtained commercially and used as received.
2-2. Synthesis of FPAA from 6FDA and ODA 6FDA (0.444 g, 1.00 mmol) was added to a solution of ODA (0.210 g, 1.05 mmol) in DMAc (3.70 mL). This solution was stirred at room temperature for 2 h. An inherent viscosity of the polymer in DMAc was 0.35 dLg -1 at a concentration of 0.5 g dL -1 at 30 °C.
2-3. Degree of Imidization
The polymer solution (FPAA) was diluted with DMAc to a concentration of 15 wt%. This solution was spin-coated on a silicon wafer, baked at 80 ºC for 60 min in air. The film thickness was about 1.8 µm. Then, the films were baked on a hot-plate at each temperature (100-130 ºC) for 2 min. A reference PI film was prepared by heating at 250 ºC for 0.5 h and 350 ºC for 1 h. Absorption intensities on a FTIR spectrum at 1376 cm -1 (A 1376 ) assignable as the C-N stretching of an imide group and at 1500 cm -1 (A 1500 ) assignable to C=C stretching of phenyl group were measured, and the degrees of imidization were determined using the following equation;
Imidization(%)= where subscripts between parentheses followed A 1376 /A 1500 in the equation indicate the states of the polymer films; for example, (samp) is the polymer sampled at each heating temperature (100-130 ºC); (init) is initially prebaked PAA at 80 ºC for 1 h; (imide) is the fully cured at 250 ºC for 0.5 h and 350 ºC for 1 h in nitrogen.
2-4. Dissolution rate
SDNQ or FDNQ was added into the FPAA solution in DMAc (the total solid content was 18 wt%). The resist films with 1.8-µm thickness were obtained by spin-coating from the solutions on silicon wafers. These films were prebaked under each condition, then exposed to a filtered superhigh pressure mercury lamp at 365 nm (i-line). The dissolution rate (Å/sec) of the film was determined from changes in the film thickness before and after the development with the mixture of 2.38 wt% TMAHaq followed by rinsing with water.
2-5. Photosensitivity
The photosensitive polymer film with 1.8-µm thickness was prepared by dissolving 25 wt% of FDNQ in the FPAA solution in DMAc, followed by spin-coating on a silicon wafer and prebaking at 120 ºC for 2 min, exposure to irradiation at a wavelength of i-line with changing an exposure dose, development with 2.38 wt% TMAHaq for 10 sec at room temperature, and rinsing with water. A characteristic photosensitive curve was obtained by plotting a normalized film thickness against exposure dose (unit: mJ/cm 2 ).
2-6. Measurements
The infrared spectroscopy (IR) was taken with a Horiba FT-210 spectrophotometer. The 1 H-NMR spectra were obtained on a BRUKER DPX-300S spectrometer ( 1 H at 300 MHz). Deuterated chloroform (CDCl 3 ) and dichloromethane (CD 2 Cl 2 ) were used as solvents with tetramethylsilane as an internal standard. Viscosity measurements were carried out using an Ostwald viscometer at 30 ºC in DMAc. The contact angles of water were measured by placing drops of distilled water on the prepared films using a microscope goniometer (Kyowa Interface Science CA-A) at 25 o C. The film thickness was measured with Veeco Instrument Dektak 3 surface profiler. Field emission scanning electron micrographs (FE-SEM) was taken with Hitachi S4500. Pt/Pd was sputtered on films in advance of the SEM measurement.
Results and Discussion
3-1. Lithographic Evaluation
To get basic information on the dissolution rate of PAAs in 2.38 wt% TMAHaq at room temperature, two PAAs with different polarities were selected; one is the PAA from BPDA and ODA and the other is the FPAA with a high fluorine content from 6FDA and ODA. The PAA or FPAA solution in DMAc was spin-coated on a silicon wafer and prebaked at 120 o C for 2 min. The film with a 1.8-µm thickness was developed with 2.38 wt% TMAHaq at room temperature. The dissolution rate was estimated by the change in film thickness before and after development. The dissolution rates of the PAA and the FPAA were 3.42 x 10 4 and 1.46 x 10 4 Å/sec, respectively, clearly indicating that the more hydrophobic FPAA compared to the PAA showed the lower dissolution rate.
A PAC plays an important role in PSPI. It acts as a dissolution inhibitor in the unexposed area and a dissolution promoter in the exposed area to the 2.38 wt% TMAHaq. To determine the PAC, two diazonaphthoquinones, the typical nonfluorinated SDNQ and the fluorinated FDNQ were chosen.
To understand the dissolution behavior of the photosensitive FPAA with SDNQ or FDNQ as the PAC, the FPAA containing a 25 wt% PAC varnish solution was spin-coated on a silicon wafer and prebaked at 120 o C for 2 min. The resulting film with a 1.8-µm thickness was exposed to the i-line of 150 mJ/cm 2 , followed by development with 2.38 wt% TMAHaq for 10 sec at room temperature. Although the dissolution rate of the unexposed area in the photosensitive FPAA/SDNQ resist decreased to 2.0 x 10 3 Å/sec, the dissolution rate of the exposed area was 1.0 x 10 4 Å/sec. It was still too high to get a sufficient dissolution contrast between the unexposed and exposed areas. On the other hand, the photosensitive FPAA/FDNQ resist exhibited the dissolution rate of the exposed area of 5.5 x 10 3 Å/sec, and no dissolution was observed in the unexposed area. Thus, the following resist evaluation was carried out using the photosensitive FPAA/FDNQ resist.
To obtain a high dissolution contrast (DC) between the exposed and unexposed areas, the effect of the prebake (PB) temperature was first studied because the PB temperature would directly affect the segregation of FDNQ on the surface area of the film due to the polarity difference between the hydrophilic FPAA and hydrophobic FDNQ. The results are summarized in Figure 1 . The dissolution rate in the exposed area decreases by increasing the PB temperature. The PB temperature at 120 o C produces a high DC probably due to the segregation of FDNQ on the surface of the film. To clarify this dissolution behavior in the unexposed area, the contact angles of water to the films consisting of FPAA and FDNQ (25 wt% to FPAA) were measured after PB at each temperature for 2 min. As shown in Figure 2 , the contact angles gradually increase as the PB temperature increases, indicating that the segregation of FDNQ is effectively promoted during the PB process, that is, the surface of the film tends to be covered by FDNQ with a lower surface energy. The dissolution rates of the exposed areas also decreased with the increasing PB temperature, which is attributable to the imidization of PAAs. The degree of imidization (DI) in the FPAA was determined using IR spectroscopy. The DIs were obtained using eq. (1) and the results are summarized in Table 1 . The DI values after the prebaking treatment at 100, 110, 120, and 130 ºC for 2 min increased from 0 to 0.87, 1.92 and 2.85 %, respectively. Next, the effect of the PB time on the dissolution rate was investigated because the segregation of FDNQ is also influenced by the PB time. The results are shown in Figure 3 . The PB time was changed from 1 to 3 min in which the PB temperature and the exposure dose were fixed at 120 o C and 120 mJ/cm 2 , respectively. The DC reaches around 5 x 10 3 times for 2 min. The contact angles of water to the films increase with the PB time ( Figure 4 ). This result clearly indicates that increasing the PB time induces a rich FDNQ surface in the films, resulting in a low dissolution in the unexposed area and high dissolution in the exposed area. The effect of the FDNQ content on the dissolution rate of the film was then investigated under the same conditions ( Figure 5 ). Increasing the FDNQ content affords the lower dissolution rate of the unexposed area. The dissolution rate becomes nearly zero under 25 wt% FDNQ loading to the FPAA. This behavior is also supported the changes in contact angles of the films, that is, the resist based on the FPAA and FDNQ (25 wt% to FPAA) resist shows a much higher contact angle compared to that of the film from FPAA and FDNQ (15 or 20 wt% to FPAA) ( Figure 6 ). Figure 5 . The effect of FDNQ contents on the dissolution rate of the exposed and unexposed films. The i-line exposure dose and PB condition were fixed to 120 mJ/cm 2 , 120 ºC for 2 min, respectively.
3-2. Image Formation Based on these preliminary optimization studies, the PSPI consisting of FPAA and FDNQ (25 wt% to FPAA) was formulated. The photosensitivity curve of the film with a 1.8-µm thickness is shown Figure 8 shows the SEM image of a patterned film obtained with a system described as follows: the resist layer was exposed to 120 mJ/cm 2 and developed with 2.38 wt% TMAHaq at 25 o C for 15 sec. A clear positive pattern with an 8-µm feature could be observed with a 1.8 µm thick film.
The printed pattern was cured as a PI film by heating at the elevated temperature of 250 ºC for 30 min and 350 ºC for 1 h under nitrogen ( Figure  9 ). The IR spectrum after curing indicated that the FPAA films were successfully converted to the PI films.
Conclusion
An alkaline-developable and positive-type PSPI based on the FPAA obtained from 6FDA and ODA, and FDNQ as the PAC has been successfully developed. This resist solution was spin-coated on a silicon wafer and prebaked, spontaneously yielding the FDNQ rich surface in the film, that is, a top FDNQ rich layer and a bottom FDNQ less layer of FPAA with the PB treatment. Accordingly, the PSPI is expected to show a low and high dissolution in the unexposed and exposed areas, respectively, after i-line exposure, followed by development with 2.38 wt% TMAHaq. In fact, the PSPI exhibited the high sensitivity (D 0 ) of 45 mJ/cm 2 and good contrast (γ 0 ) of 10 with i-line exposure, and delineated a fine positive pattern of 6 µm. This alkaline-developable and positive-type PSPI resist system can be one of the candidates for the next generation microchip fabrication process which provides the facile formulation of PSPI.
